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From the famous experiments of Stern and Gerlach to the present, measurements of magnetic dipole moments, 
and searches for electric dipole moments of "elementary" particles have played a major role in our understanding 
of sub-atomic physics. In this talk I discuss the progress on measurements and theory of the magnetic dipole 
moment of the muon. I also discuss a new proposal to search for a permanent electric dipole moment (EDM) 
of the muon and put it into the more general context of other EDM searches. These experiments, along with 
searches for the lepton flavor violating decays /i ^ 67 and /i~ + ^4 — > e~ + A, provide a path to the high-energy 
frontier through precision measurements. 



1. Introduction and theory of the lepton 
anomaUes 

Over the past 83 years, the study of dipole 
moments of elementary particles has provided 
a wealth of information on subatomic physics. 
From the pioneering work of Stern 1 through the 
discovery of the large anomalous magnetic mo- 
ments of the proton 7 and neutron 3 , the ground 
work was laid for the discovery of spin, of radia- 
tive corrections and the renormalizable theory of 
QED, of the quark structure of baryons and the 
development of QCD. 

A charged particle with spin s has a magnetic 
moment 

/ e _ (gs - 2) eh 
f^s = 9s[t;—)s] a = ; H = [l + a) — ; (1) 
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where gs is the gyromagnetic ratio, a is the 
anomaly, and the latter expression is what one 
finds in the Particle Data Tables.^ 

The Dirac equation tells us that for spin one- 
half point-like particles, g = 2 for spin an- 
gular momentum, and is unity for orbital an- 
gular momentum (the latter having been veri- 
fied experimentally[Sj). For point particles, the 
anomaly arises from radiative corrections, two ex- 
amples of which are shown in Fig.^ The lowest- 



*This work supported in part by the U.S. National Science 
Foundation 



order correction gives the famous Schwinger jSj re- 
sult, a = a/27r, which was verified experimentally 
by Foley and Kusch.[S] The situation for baryons 
is quite different, since their internal quark struc- 
ture gives them large anomalies. 

In general a (or g) is an expansion in (^), 

with 1 diagram for the Schwinger (second-order) 
contribution, 5 for the fourth order, 40 for the 
sixth order, 891 for the eighth order. 

The QED contributions to electron and muon 
{g — 2) have now been calculated through eighth 
order, (a/n)* and the tenth-order contribution 
has been estimated. 
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Figure 1. A schematic of the first few terms in 
the QED expansion for the muon. The vacuum 
polarization term shown is one of five of order 
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While magnetic dipole moments (MDMs) are 
a natural property of charged particles with spin, 
electric dipole moments (EDMs) are forbidden 
both by parity (P) and by time reversal (T) 
symmetries. |9I10I11| This can be seen by exam- 
ining the Hamiltonian for a spin one-half particle 
in the presence of both an electric and magnetic 
field, Ti. = —fl-B — d-E. The transformation prop- 
erties oi E, B, jl and d are given in Tabled and 
we see that while fl-B is even under all three, d- E 
is odd under both P and T. Thus the existence 
of an EDM implies that both P and T are vio- 
lated. In the context of CPT symmetry, an EDM 
implies CP violation. The standard model value 
for the electron and muon EDMs are well beyond 
the reach of experiment (see Table so obser- 
vation of a non-zero e or fi EDM would be a clear 
signal for new physics. Since the presently known 
CP violation is inadequate to describe the baryon 
asymmetry in the universe, additional sources of 
CP violation should be present. Furthermore, we 
do expect to find CP violation in the lepton sec- 
tor. New dynamics such as supersymmetry could 
easily produce new sources of CP violation which 
could have a possible connection with cosmology 
(leptogenesis) . |12ll3ll4j 

The magnetic and electric dipole moments can 
be represented as the real and imaginary parts of 
a generalized dipole operator D, and the interac- 
tion Lagrangian becomes 



Table 2 

Measured limits on electric dipole moments, and 

their standard model values. 

* Estimated limit, work in progress. 

t Letter of Intent (LOl) to J-PARC for a new 

dedicated experiment . (22] 



noshita has used the measured electron anomaly 
to give the best determination of a.TT The elec- 
tron anomaly will be further improved over the 
next few years. ^B] 

The muon anomaly is measured to 0.5 parts per 
million fppm'l. ;23.24.25j The relative contribu- 
tions of heavier particles to a scales as {me/ra^)'^ , 
so the muon has an increased sensitivity to higher 
mass scale radiative corrections of about 40,000 
over the electron. At a precision of ^ 0.5 ppm, 
the muon anomaly is sensitive to > 100 GeV scale 
physics. 

The standard model value of has measurable 
contributions from three types of radiative pro- 
cesses: QED loops containing leptons (e, ^, r) and 
photons; [Hj hadronic loops containing hadrons in 
vacuum polarization loops: |26I27I2?^I29I30I31I321 
^33,34 35 36 37, and weak loops involving the W 
and Z weak gauge bosons (the standard model 
Higgs contribution is negligible), jSEI 

a^(SM) = a^(QED) + a^(Had) + a^(Weak). (4) 
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with Re D — auT^ ^^'^ I™ D — da. 

The electron anomaly is now measured to a 
relative precision of about four parts in a bil- 
lion (ppb),^ni which is better than the preci- 
sion on the fine-structure constant a, and Ki- 



A significant difference between the experimental 
value and the standard model prediction would 
signify the presence of new physics. A few ex- 
M^Q/3(3) amples of such potential contributions are lepton 
substructure, anomalous W ~ j couplings, and 
supersymmetry. j26| 

The CERN experiment observed the contri- 
bution of hadronic vacuum polarization shown in 
Fig. [2Ia) at the 8 standard deviation level. Un- 
fortunately, the hadronic contribution cannot be 
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calculated directly from QCD, since the energy 
scale is very low {m^j^c^), although BlumPHj has 
performed a proof of principle calculation on the 
lattice. Fortunately dispersion theory gives a re- 
lationship between the vacuum polarization loop 
and the cross section for e+e^ hadrons, 

a^(Had; 1) = / '^K{s)R{s), (5) 

37r 74„2 

where 

„ crtot(e+e" ^ hadrons) 

R = r~r~ + (6) 

and experimental data are used as input. The 
factor s^^ in the dispersion relation, means 
that values of R{s) at low energies (the p reso- 
nance) dominate the determination of a^(Had; 1). 
In principle, this information could be ob- 
tained from hadronic t~ decays such as t~ — > 
'K~'n^Vr, which can be related to e"'"e~ annihi- 
lation through the CVC hypothesis and isospin 
conservation. |27I28I29I3[)| However, inconsisten- 
cies between information obtained from e^e~ an- 
nihilation and hadronic tau decays, plus an inde- 
pendent confirmation of the CMD2 high- precision 
e^e~ cross-section measurements by the KLOE 
collaboration, have prompted Davier, Hocker, 
et al, to state that until these inconsistencies can 
be understood only the e+e" data should be used 
to determine a^(Had; 1).|211 
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Figure 2. The hadronic contribution to the muon 
anomaly, where the dominant contribution comes 
from (a). The hadronic light-by- light contribu- 
tion is shown in (e). 



The hadronic light-by-light contribution (see 
Fig. |2Ie)) has been the topic of much theoretical 
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Figure 3. The supersymmctric contributions to 
the anomaly, and to /i — + e conversion, showing 
the relevant slepton mixing matrix elements. The 
MDM and EDM give the real and imaginary parts 
of the matrix element, respectively. 



investigation. I 33l34l35l36l37j Unlike the lowest- 
order contribution, it can only be calculated from 
a model, and this contribution is likely to pro- 
vide the ultimate limit to the precision of the 
standard- model value of a^. 

One of the very useful roles the measurements 
of have played in the past is placing seri- 
ous restrictions on physics beyond the standard 
model. With the development of supersymmctric 
theories as a favored scheme of physics beyond 
the standard model, interest in the experimen- 
tal and theoretical value of has grown sub- 
stantially. SUSY contributions to could be 
at a measurable level in a broad range of models. 
Furthermore, there is a complementarity between 
the SUSY contributions to the MDM, EDM and 
transition moment for the lepton-flavor violating 
(LEV) process p,^ in the field of a nucleus. 

The MDM and EDM are related to the real and 
imaginary parts of the diagonal element of the 
slepton mixing matrix, and the transition mo- 
ment is related to the off diagonal one, as shown 
in Fig. |3| This reaction, along with the com- 
panion LEV decay /i^ — » e~7, will be searched 
for in "next generation" experiments now under 
construction. |4114^ 

From neutrino oscillations we already know 
that lepton flavor is violated, and this viola- 
tion will be enhanced if there is new dynam- 
ics at the TeV scale. This same new physics 
could also generate measurable effects in the mag- 
netic and electric dipole moments of the muon as 

wdLisnnaiinj 
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2. Measurement of the muon anomaly 

The method used in the third CERN experi- 
ment and the BNL experiment are very similar, 
save the use of direct muon injectionjHSI into the 
storage ring. |44l'l5] which was developed by the 
E821 collaboration. These experiments are based 
on the fact that for > the spin precesses 
faster than the momentum vector when a muon 
travels transversely to a magnetic field. The spin 
precession frequency cus consists of the Larmor 
and Thomas spin-precession terms. The spin fre- 
quency LOg, the momentum precession (cyclotron) 
frequency wc", are given by 



geB 



+ (1-7) 



eB 



2mc 'jmc 
The difference frequency 

'g~2\ eB 
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mc 



(7) 



(8) 



is the frequency with which the spin precesses rel- 
ative to the momentum, and is proportional to 
the anomaly, rather than to g. A precision mea- 
surement of requires precision measurements 
of the muon spin precession frequency uJa, and 
the magnetic field, which is expressed as the free- 
proton precession frequency tOp in the storage ring 
magnetic field. 

The muon frequency can be measured as ac- 
curately as the counting statistics and detector 
apparatus permit. The design goal for the NMR 
magnetometer and calibration system was a field 
accuracy of 0.1 ppm. The B which enters in Eq. |S1 
is the average field seen by the ensemble of muons 
in the storage ring. In E821 we reached a preci- 
sion of 0.17 ppm in the magnetic field measure- 
ment. 

An electric quadrupole[4Q is used for vertical 
focusing, taking advantage of the "magic" 7 = 
29.3 at which an electric field does not contribute 
to the spin motion relative to the momentum. 
With both an electric and a magnetic field, the 
spin difference frequency is given by 



.B- 
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which reduces to Eq. |S1 in the absence of an elec- 
tric field. For muons with 7 = 29.3 in an electric 



field alone, the spin would follow the momentum 
vector. 
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Figure 4. The time spectrum of positrons with 
energy greater than 2.0 GeV from the year 2000 
run. The endpoint energy is 3.1 GeV. The time 
interval for each of the diagonal "wiggles" is given 
on the right. 



The experimental signal is the from 
decay, which were detected by lead-scintillating 
fiber calorimeters. |47j The time and energy of 
each event was stored for analysis offline. Muon 
decay is a three-body decay, so the 3.1 GeV 
muons produce a continuum of positrons (elec- 
trons) from the end-point energy down. Since the 
highest energy are correlated with the muon 
spin, if one counts high-energy as a function 
of time, one gets an exponential from muon de- 
cay modulated by the {g — 2) precession. The 
expected form for the positron time spectrum is 
f{t) = Noe~'^*[l + Acos{u!at + 4')], however in an- 
alyzing the data it is necessary to take a number 
of small effects into account in order to obtain a 
satisfactory for the fit. 24 25j The data from 
our 2000 running period is shown in Fig. ^ 
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The experimental results from E821 are shown 
in Fig. 13 with the average 



,(E821) = 11 659 208(6) X 10 



-10 



(±0.7ppm)(10) 



which determines the "world average". The the- 
ory value |32l5T] 



a^(SM) = 11659182(6)xl0- 



(±0.7ppm)(ll) 



is taken from Hocker et al.,|32], which updates 
their earlier analysis PHI with the KLOE data;|3H| 
and from Hagiwara, et al.,^J who use a different 
weighting scheme for the experimental data when 
evaluating the dispersion integral but do not in- 
clude the KLOE data. When this theory value 
is compared to the standard model value using 
either of these two analyses [221^ for the lowest- 
order hadronic contribution, one finds 



Aa^(E821 - SM) = (26 ± 9.4) x 10 



-10 



(12) 



or a discrepancy of 2.7 standard deviations. 
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Figure 5. Measurements of a^. The strong inter- 
action contribution is taken from references |31j 
and 1211. 



bosons, we subtract off the electroweak contribu- 
tion of 15.4(0.1)(0.2) X 10-^° from the standard 
model value, compare with experiment and ob- 
tain 



Aa^ = (40.7 ±8.6) x 10" 



-10 



(13) 



a 4.7 standard deviation discrepancy. This differ- 
ence shows conclusively that E821 was sensitive 
to physics at the 100 GeV scale. At present, it is 
inconclusive whether we see evidence for contri- 
butions from physics beyond the standard-model 
gauge bosons. 

With each data set, the systematic error was 
reduced, and for the final data set taken in 2001 
the systematic error on a^- was 0.27 ppm with 
a statistical error of 0.66 ppm. Given the tanta- 
lizing discrepancy between our result and the lat- 
est standard-model value, and the fact that the 
hadronic error could be reduced by about a factor 
of two over the next few years, we submitted 
a new proposal to Brookhaven to further improve 
the experimental measurement. The goal of this 
new experiment is ±0.2 ppm total error, with the 
goal of controlling the total systematic errors on 
the magnetic field and on the muon frequency 
measurement to 0.1 ppm each. 

Our proposal 4^ was given enthusiastic scien- 
tific approval in September 2004 by the Labora- 
tory, and has been given the new number, E969. 
Negotiations are underway between the Labora- 
tory and the funding agencies to secure funding. 

A letter of intent (LOI) for an even more pre- 
cise {g — 2) experiment was also submitted to 
J-PARC.|3ni that LOI we proposed to reach 
a precision below 0.1 ppm. Since it is not clear 
how well the hadronic contribution can be cal- 
culated, and whether the new Brookhaven ex- 
periment E969 will go ahead, we will evaluate 
whether to press forward with this experiment at 
a later time. Our LOI at J-PARC0U] was predi- 
cated on pushing as far as possible at Brookhaven 
before moving to Japan. 

3. The Muon EDM 



To show the sensitivity of our measurement of 
u to the presence of virtual electroweak gauge 



While the MDM has a substantial standard 
model value, the predicted EDMs for the lep- 
tons arc unmeasurably small and lie orders of 
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magnitude below the present experimental lim- 
its given in Table |21 An EDM at a measurable 
level would signify physics beyond the standard 
model. SUSY models, and other dynamics at 
the TeV scale do predict EDMs at measurable 
levels. [HHmil 

A new experiment to search for a permanent 
EDM of the muon with a design sensitivity of 
10-24 e-cm is being planned for J-PARC.[^ This 
sensitivity lies well within values predicted by 
some SUSY models. [T^ Feng, et a.\.,15 have cal- 
culated the range of ^cp available to such an ex- 
periment, assuming a new physics contribution to 
of 3 X 10"^ 

(f/ ^3x 10-22 ( j^^i^ J tan^cp e-cm(14) 

where 4>cp is a CP violating phase. This range is 
shown in Fig. 



the interaction. While naively the muon and elec- 
tron EDMs scale linearly with mass, in some the- 
ories the muon EDM is greatly enhanced rela- 
tive to linear scaling relative to the electron EDM 
when the heavy neutrinos of the theory are non- 
degenerate. |12I13| 




Px B 



Figure 7. A sketch showing the relationship be- 
tween LOa and ujn- 
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Figure 6. The range of 0cp available to a dedi- 
cated muon EDM experiment. |15j The two bands 
show the one and two standard-deviation ranges 
if ttfj, differs from the standard model value by 
(3± 1) X IQ-^ 



Of course one wishes to measure as many 
EDMs as possible to understand the nature of 



With an EDM present, the spin precession rel- 
ative to the momentum is given by 
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where 

11 , eh 



1] X A.7 X 10 



-14 



-cm 



(16) 



and = ('%^)- For reasonable values of f3, the 
motional electric field /3 x B is much larger than 
electric fields that can be obtained in the labora- 
tory, and the two vector frequencies are orthogo- 
nal to each other. 

The EDM has two effects on the precession: the 
magnitude of the observed frequency is increased, 
and the precession plane is tipped relative to the 
magnetic field, as illustrated in Fig. [7| E821 was 
operated at the magic 7 so that the focusing elec- 
tric field did not cause a spin precession. In E821 
the tipping of the precession plane is very small, 
(?7/2ap ~ 9 mrad) if one uses the CERN limit [TU) 
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given in Table |21 This small tipping angle makes 
it very difficult to observe an EDM effect in E821, 
since the (g — 2) precession (uja) is such a large 
effect. 

We have recently introduced a new idea which 
optimizes the EDM signal, and which uses the 
motional electric field in the rest frame of the 
muon interacting with the EDM to cause spin 
motion. [SDI The dedicated experiment will be op- 
erated off of the magic 7, for example at ~ 500 
MeV/c, and will use a radial electric field to stop 
the (g— 2) precession. [^01 Then the spin will follow 
the momentum as the muons go around the ring, 
except for any movement arising from an EDM. 
Thus the EDM would cause a steady build-up of 
the spin out of the plane with time. Detectors 
would be placed above and below the storage re- 
gion, and a time-dependent up-down asymmetry 
R would be the signal of an EDM, 

own 

A simulation for = 2 x lO^^*' e cm is given in 
Fig. il 

The figure of merit for statistics in the EDM 
experiment is the number of muons times the po- 
larization. In order to reach 10~^* e cm, the muon 
EDM experiment would need NP'^ ~ 5 x 10^^, 
a flux only available at a future facility. While 
progress can still be made at Brookhaven on a^, 
a dedicated muon EDM experiment must be done 
elsewhere. 

4. Summary and Conclusions 

Measurements of the muon and electron 
anomalies played an important role in our under- 
standing of sub-atomic physics in the 2Gth cen- 
tury. The electron anomaly was tied closely to the 
development of QED. The subsequent measure- 
ment of the muon anomaly showed that the muon 
was indeed a "heavy electron" which obeyed 
QED.^^ With the sub-ppm accuracy now avail- 
able for the muon anomalv. (2382412^ there may 
be indications that new physics is beginning to 
appear in loop processes. |5H 

The non-observation of an electron EDM is be- 
coming an issue for supersymmetry, just as the 
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Figure 8. Simulation of an EDM signal for 
= 5 X IQ-'^ or = 2.3 x 10^^° 



non-observation of a neutron EDM implies such a 
mysteriously (some would say un-naturally) small 
0-parameter for QCD. The search for EDMs will 
continue, and if one is observed, the motivation 
for further searches in other systems will be even 
stronger. The muon presents a unique opportu- 
nity to observe an EDM in a second-generation 
particle, where the CP phase might be different 
from the first generation, or the scaling with mass 
might be quadratic rather than linear. 

In closing I consider two scenarios: (i) the LHC 
finds SUSY; and (ii) the LHC finds the standard 
model Higgs at a reasonable mass and nothing 
else. 

If SUSY turns out to be the extension to the 
standard model, then there will be SUSY en- 
hancements to flp to the muon EDM and also to 
the amplitudes for lepton flavor violating muon 
decays. Once the SUSY mass spectrum is mea- 
sured, will provide a very clean measurement 
of tan/3.[2n| 

If SUSY or other new dynamics at the TeV 
scale are not found at LHC, then precision exper- 
iments, which are sensitive through virtual loops 
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to much higher mass scales than direct searches 
for new particles, become even more important. 
Experiments such as EDM searches, {g — 2) and 
searches for lepton flavor violation, all carried out 
at high intensity facilities, may provide the only 
way to probe these higher energy scales. 

Opportunities at future high intensity facilities 
are actively being pursued, and both the theo- 
retical and experimental situations are evolving. 
It is clear that the study of lepton moments and 
lepton flavor violation, along with neutron EDM 
searches, will continue to be a topic of great im- 
portance in the first part of the 21st century. 
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